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Abstract/Synopsis

	Structural solutions adopted by proteins to withstand extremes of temperature, have basic importance in the understanding of protein structure-function relations and also in industrial applications of enzymes. Understanding of principles and mechanisms employed by proteins, to maintain their functionally active form, at extremes of temperature, can be utilized to improve the stability of biocatalysts used in industrial context. Much of this understanding has come from comparative sequence and structural analysis of homologous proteins from organisms inhabited to extreme environments. These studies have revealed the importance of several structural features which play important role in conferring stability to proteins. However, these studies often lead to confounding interpretations on the relevance of a mutation to the property due to multiplicity of selection pressures and neutral drifts. In addition, stability of a protein translates into presence of few weak interactions. Despite several studies, understanding the structural basis of thermostability has proven elusive as there are no well defined rules to stabilize a protein at high temperature. 

	Recently, another strategy of improving protein property has been adopted, which has met with phenomenal success in recent past. Termed as “Methods of directed or in vitro evolution”, these methods mimic the natural evolution but are performed under controlled conditions on an accelerated time scale. It involves iterative rounds of in vitro generation of random mutants followed by screening of variants for the desired property. These methods are blind to the structural information in order to improve the property, rather, the information gathered can be used to understand sequence-structure-function relationship in a retrospective manner. 

	Bacillus subtilis lipase A is a small (19.3 kDa), monomeric secretory enzyme, with no cofactors and disulfides. It is a typical mesophilic enzyme, with optimum temperature of activity around 35 °C and shows broad substrate specificity, acting on both long as well as short chain esters and triglycerides, thus having potential industrial application. This makes it an important model protein, to improve its thermostability by directed evolution and to investigate the structural solutions a protein adopts to deal with heat.

	General aspects of protein thermostability and the structural features that contribute to protein thermostability are discussed in Chapter 1. Strategies used in protein engineering, mainly for improving stability with emphasis on directed evolution are discussed. The structure, specificity, catalytic mechanism and application of lipases, in general, and Bacillus subtilis lipase, in particular, are also discussed. 

	Chapter 2 deals with the efforts made in the establishment of a platform for in vitro evolution of Bacillus subtilis lipase for thermostability. This involves cloning of lipase gene and development of an efficient expression and screening system. Lipase gene was cloned in a suitable E. coli-B. subtilis shuttle vector for expression and secretion of protein in B. subtilis host. Being gram positive, B. subtilis is very difficult to transform, thus, experimental procedures were optimized to get suitable transformation efficiencies. Solid- and liquid-phase lipase assays were standardized to develop a three-tier screening protocol for improving lipase thermostability. Finally, procedure of random mutagenesis by error-prone PCR was also optimized.

	Using a partially stable triple mutant (TM) as parent, in vitro evolution of Bacillus subtilis lipase was performed, as described in Chapter 3. By performing two rounds of random mutagenesis and screening, six thermostabilizing mutations, three mutations per generation, were identified. Each of the six mutations, when evaluated individually, contributed to thermostability in an additive manner. These mutants were recombined in different orders to generate a series of variants with incremental increase in thermostability. The most thermostable variant, 4D3, having nine mutations (six identified in this study, A15S, F17S, A20E, N89Y, G111D, I157M ; and three previously identified L114P, A132D and N166Y) shows a remarkable 15 °C increase in melting temperature and a million fold reduction in rate of thermal inactivation. This is accompanied by 20 °C increase in optimum temperature of activity. Notably, increase in thermostability is achieved without any loss in activity at ambient temperature, rather, the specific activity of thermostable mutants has increased 2-5 fold in the temperature range of 25-65 °C. Structural analysis of the mutants revealed the importance of subtle non-covalent interactions in stabilization of unstructured regions (loops), in the vicinity of active site, in conferring stability to protein.

	Random point mutagenesis followed by screening for thermostability, has the potential to identify “weak spots” in protein, although the substitution it provide might be sub-optimal. Optimizing of substitution at these sites by saturation mutagenesis may lead to phenomenal increase in thermostability. As described in Chapter 4, four positions, 134, 137, 158 and 163, which were identified to effect lipase thermostability, were optimized in 4D3 by site-saturation mutagenesis. All four mutations identified (M134E, M137P, G158D and S163P) significantly improved protein thermostability. The most thermostable variant, 6-D, having all the four mutations, shows remarkable shift of 7 degrees in melting temperature which is 22 degrees higher than wild-type protein. Notably, in addition to the significant increase in temperature optima by 10 degrees (30 degrees compared to wild-type enzyme), the catalytic efficiency has also increased by 3-6 fold in the temperature range of 25-65 °C. Characterization of mutants, having individual as well as in different combinations, by thermal inactivation and unfolding as well as by equilibrium unfolding in GdmCl revealed confounding results. Only two mutations, M137P and S163P, were found to increase conformational stability of the protein while the other two have marginal effects. These two mutants, M134E and G158D, however improve the ability of the protein to resist high temperature, without effecting conformational stability of the protein. 

	Chapter 5 deals with the detailed characterization of the mutants obtained by site-saturation mutagenesis at four positions in 4D3. All the four mutations phenomenally improve enzyme’s thermotolerance, with 25 °C shift in mid-point of thermal inactivation with little improvement in melting temperature. Bacillus subtilis lipase and all its thermostable variants till 4D3 undergo irreversible thermal unfolding and inactivation, primarily due to aggregation at elevated temperatures. Detailed characterization of mutants by monitoring thermal inactivation, unfolding and refolding by activity and several spectroscopic measurements has revealed that these mutations have altered the unfolding and refolding pathways. Parent 4D3 and two mutants partially unfold to intermediate forms around 75 °C, which are prone to aggregation. Introduction of these four mutations affects the generation of intermediate to different extent. While M137P has maximum effect which inhibits aggregation completely, M134E, G158D and S163P have partial effect. Upon further increase in temperature (at 85 °C), the denatured state acquired by all the mutants is highly similar, does not show any perceptible aggregation, but is still susceptible to chemical modifications. Thus, these four mutations not only improve conformational stability of the protein but also increase its thermotolerance by improving the refolding yields after thermal unfolding. 


